Introduction
Near-infrared (NIR) topography can obtain the images of the concentration changes in oxygenated haemoglobin (oxy-Hb) and deoxygenated haemoglobin (deoxy-Hb) in the brain cortex from the changes in the intensity of near-infrared light detected by multiple source-detector pairs placed on the scalp [1] [2] [3] . The concentration changes in oxy-Hb and deoxy-Hb can be calculated from the intensity changes in the detected light at two wavelengths, the molar extinction coefficients of oxy-Hb and deoxy-Hb and the partial optical path length that the detected light travels in the activated region by solving the simultaneous equation based upon the modified Lambert-Beer law (MLBL). However, the partial optical path length in the activated region cannot be directly measured by experiments. In practical measurements of NIR topography, a wavelength-independent constant is assigned to the term of the partial optical path length for the calculation of the concentration changes. This imprecise wavelength dependence of the partial optical path length in the MLBL calculation leads to error in the measured concentration changes and this error is called crosstalk [4] [5] [6] . In the previous study, we theoretically investigated the crosstalk in the dual-wavelength measurement of oxy-Hb and deoxy-Hb caused by global brain activation [6] . The concentration of either oxy-Hb or deoxy-Hb in the whole region of the grey matter in the head model was increased to mimic the global brain activation. In a realistic functional measurement of brain activity by NIR topography, the concentration changes in oxy-Hb and deoxy-Hb tend to be localised. Because the sensitivity of the probe pairs to the concentration change in haemoglobin depends upon the positional relationship between the probe arrangement and the activated region, the crosstalk in the topographic images of oxy-Hb and deoxy-Hb also depends upon the position of the focal brain activation. The crosstalk between oxy-Hb and deoxy-Hb in the topographic image of the focal brain activation measured by NIR topography has not been investigated.
In this study, we theoretically investigated the crosstalk in the topographic images of the concentration changes in oxy-Hb and deoxy-Hb in the measurement of focal brain activation. The light propagation in the computational head model is calculated by Monte Carlo simulation to predict the intensity changes detected by the source-detector probe pairs caused by the focal absorption change induced by the brain activation. The topographic images are obtained from the intensity changes caused by the focal absorption change at various positions in the grey matter to obtain the positional relationship between the probe arrangement of NIR topography and the focal brain activation.
Crosstalk in NIR topography
In NIR topography, the concentration changes in oxy-Hb and deoxy-Hb are calculated from the intensity change at two wavelengths detected by probe pairs attached on the scalp. The relationship between the real concentration changes in oxy-Hb Dc oxy (l 1 ,l 2 ) and deoxy-Hb Dc deoxy (l 1 ,l 2 ) and changes in the intensity of the detected light DOD at the wavelengths l 1 and l 2 , is derived from the MLBL as follows where e oxy and e deoxy are the molar extinction coefficients of oxy-Hb and deoxy-Hb and <L act > is the partial optical path length that the detected light travels within the activated region in the brain. As shown in Eqs. (1a) and (1b), the wavelength dependent partial optical path length is necessary to calculate the concentration changes in oxy-Hb and deoxy-Hb. Because the partial optical path length in the activated region cannot be directly measured by experiments, a wavelength-independent constant L is assigned to the term of the unknown partial optical path length in Eqs. (1a) and (1b). In NIR topography, the products of the wavelength-independent constant for the path length L and the concentration changes in oxy-Hb and deoxy-Hb are normally used as indices of the measured changes in haemoglobin concentration,
The unit of the measured concentration changes [Dc oxy *(l 1 ,l 2 ), Dc deoxy *(l 1 ,l 2 ))] is mM × mm. The topographic images of oxy-Hb and deoxy-Hb are obtained from the concentration changes in oxy-Hb and deoxy-Hb measured by each source-detector pair.
The imprecise wavelength dependence of the path lengths in the equations leads to error in the measured concentration changes and this error is called crosstalk. The crosstalk is defined as the ratio of the measured concentration change in a chromophore for which no change is induced and the measured concentration change in another chromophore for which the change is induced [4] 3. Method of simulation
Adult head model
The adult head model was a five-layered slab that consisted of the scalp, skull, cerebrospinal fluid (CSF) layer, grey matter and white matter. The geometry of the head model and probe arrangement on the scalp surface for the topographic imaging of the concentration changes in oxy-Hb and deoxy-Hb are shown in Fig. 1 . It is possible to calculate the light propagation in more sophisticated geometries mimicking the anatomical structure of a human head. Because the spatial sensitivity in the realistic head models is distorted by the thickness of the superficial tissue, a simpler geometry was chosen to discuss the effect of the positional relationship between the focal absorption change and the spatial sensitivity profile on the crosstalk between concentration changes in oxy-Hb and deoxy-Hb. Thirteen source probes and twelve detector probes were alternatively attached at 30-mm interval lattice points on the scalp surface. The midpoint of the source and the detector is defined as the measurement point, where the sensitivity of the probe pair to absorption change in the brain is the greatest. The wavelength-dependent transport scattering coefficient and absorption coefficient of each layer are shown in Table  1 . They were chosen from the reported data [7] [8] [9] [10] . The absorption change was assumed to have occurred due to an increase in the concentration of either oxy-Hb or deoxy-Hb
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by 10 µM. The absorption coefficient of a cylindrical region of 10-mm in diameter and 4-mm in depth in the grey matter was changed to mimic the focal brain activation. The change in absorption coefficient was calculated from the concentration change in haemoglobin and the molar extinction coefficient. The location of the focal brain activation was varied from positions 1 to 15 shown in Fig. 1 . Positions 1 and 5 are just below the source probe and the measurement point, respectively. Position 15 is the centre between four neighbouring measurement points where the sensitivity of the probe pairs is the least.
Monte Carlo simulation
The light propagation at three wavelengths, 690 nm, 780 nm, and 830 nm, in the head model was predicted by Monte Carlo simulation to obtain the change in detected intensity caused by the focal absorption change. The Monte Carlo simulation is a stochastic method that has been widely applied to the modelling of the light propagation in a biological tissue [11] , for instance, the light propagation in sophisticated head models [12, 13] , time-resolved reflectance [14] and laser-Doppler signal occurred by the blood perfusion [15, 16] . The disadvantage of the Monte Carlo simulation is considerable computation time. The algorithms for reducing the computation time have been proposed [17, 18] . The algorithm of the Monte Carlo simulation used in this study was based upon a variance reduction method [19] , and the detail of the algorithm is described elsewhere [20] [21] [22] . Two-hundred-million photon bundles were injected for each calculation. Isotropic scattering was assumed in all the layers. Reflection that is due to refractive-index mismatch was considered only on the boundary between the scalp and the air. The refractive indices of air and tissue were assumed to be 1.0 and 1.4, respectively.
The volume of a tissue that contributes to the change in the intensity of the detected light can be obtained as the spatial sensitivity profile, which is calculated from the accumulated trajectories of the detected light. The grey matter in the model was divided into rectangular parallelepiped voxels. The mean partial optical path length, that the detected light travelled with in each voxel <L voxel (x,y; m; l)> where (x,y) indicate the position of a voxel and m represents a source-detector pair, was calculated to obtain the spatial sensitivity profile. The spatial sensitivity profile was . (4) The concentration changes in oxy-Hb and deoxy-Hb measured by each source-detector pair were calculated from the detected intensity at two wavelengths by Eqs. (2a) and (2b) using the wavelength-independent constant L = 1. The longer wavelength l 2 was fixed at 830 nm and the topographic image of the focal brain activation was calculated for 690-/830-nm and 780-/830-nm wavelength pairs to discuss the dependence of the crosstalk on the position of the focal brain activation. These wavelength pairs have commonly been adopted in NIR topography because they straddle an isosbestic point at about the 805-nm wavelength. The concentration changes in oxy-Hb and deoxy-Hb were obtained from the intensity changes detected by 40 probe pairs. The calculated concentration changes for all the probe pairs were plotted at the corresponding measurement points. The plotted data were interpolated by a spline function to obtain the topographic image.
Results and discussion

Distribution of spatial sensitivity of probe pair
The wavelength dependence of the partial optical path length in the grey matter predicted by Monte Carlo simulation is shown in Fig. 2 . The partial optical path length in the grey matter depends upon wavelength, and this indicates that the concentration changes calculated with the wavelength-independent path length include crosstalk. The partial optical path lengths in the grey matter at 690-and 780-nm wavelengths are slightly longer than that at 830-nm wavelength. It was revealed that the wavelength dependence of the partial optical path length is varied with the thickness of the superficial tissues, such as the scalp, skull and CSF layer. [6] Figure 3 shows the spatial sensitivity profile in the grey matter in the x-y plane for the 830-nm wavelength. The contours are drawn for 50%, 10%, and 1% with respect to the maximum sensitivity point. Figures  4(a) and 4(b) show the profiles of the spatial sensitivity in the grey matter on the x axis (y = 0 mm) and along the y axis at x = 15 mm. All the profiles are normalised by the maximum value in each profile. The variation caused by the statistical noise of the Monte Carlo simulation is observed in the results. Although the partial optical path length, i.e., absolute sensitivity, depends upon wavelength, the normalised profiles of the spatial sensitivity are almost independent of wavelength. The full width at half maximum (FWHM) of the cross sections of the spatial sensitivity profile in the x-and y-axes is about 15 mm and 25 mm, respectively. 
Crosstalk in topographic images of oxy-Hb and deoxy-Hb
The measured concentration changes in oxy-Hb Dc oxy *(l 1 ,l 2 ) and deoxy-Hb Dc deoxy *(l 1 The crosstalk from oxy-Hb to deoxy-Hb c oxy®deoxy in the topographic images of the focal brain activation at the various positions is shown in Fig. 7 . The crosstalk in the topographic images calculated from a 780-/830-nm wavelength pair [ Fig. 7(a) ] is compared with those from a 690-/830nm wavelength pair [ Fig. 7(b) ]. The crosstalk is calculated from the maximum concentration changes in oxy-Hb and deoxy-Hb in the topographic images by Eq. (3a). The concentration change in deoxy-Hb tends to be overestimated by the influence of the increase in the concentration of oxy-Hb. The crosstalk is minimised when the focal brain activation is located just below the measurement point (position 5). The crosstalk slightly increases with an increase in the distance between the position of the focal brain activation and the measurement point. The crosstalk is maximised when the focal brain activation is located at the centre between the four measurement points (position 15). The crosstalk caused by the focal brain activation at position 15 is about twice that at the measurement point. It should be noted that the crosstalk is led by the imprecise wavelength dependence of the partial optical path length. The wavelength dependence of the partial optical path length depends upon not only the optical properties of the tissues but also the anatomical structure of the human head, such as the thickness of the scalp, skull and CSF layer. The tendency of the crosstalk in the topographic image of the focal brain activation at the various positions may be changed by the anatomical structure of the head. The crosstalk in the topographic images was apparently reduced when the measured concentration changes were calculated by Eqs. (1a) and (1b) using partial optical path length in the cylindrical region mimicking a focal brain activation (results not shown). Because it is quite difficult to measure the partial optical path length in the region of the focal brain activation, the compensation of the crosstalk using the partial optical path length is not realistic under the present situation.
The crosstalk from oxy-Hb to deoxy-Hb for a 690-/ 830-nm wavelength pair is obviously smaller than that for a 780-/830-nm wavelength pair as shown in Fig. 7 . This tendency for the wavelength dependence of the crosstalk is the same as that for the crosstalk caused by the global absorption change reported in the previous studies [5, 6] . It is likely that the crosstalk in the topographic image obtained from the 780-/830-nm wavelength pair is less than that obtained from the 690-/830-nm wavelength pair because the difference in partial optical path length in the grey matter between 690 and 830 nm is greater than that between 780 and 830 nm as shown in Fig. 2 . However, the difference in the absorption coefficient of deoxy-Hb between 780 and 830 nm is noticeably less than that between 690 and 830 nm. The change in deoxy-Hb contributes less to the difference in intensity changes between 780 and 830 nm, and the change in deoxy-Hb calculated from the intensity changes at the 780-/830-nm wavelength pair tends to be affected by the crosstalk from oxy-Hb.
The crosstalk from deoxy-Hb to oxy-Hb c deoxy®oxy caused by the focal brain activation is shown in Fig. 8 from oxy-Hb to deoxy-Hb c oxy®deoxy . Figures 7 and 8 show that the 690-/830-nm wavelength pair remarkably reduces the crosstalk from oxy-Hb to deoxy-Hb c oxy®deoxy , however, considerable crosstalk from deoxy-Hb to oxy-Hb c deoxy®oxy still remains. In this study, a simple five-layered slab in the thickness of which each type of tissue is unvaried was used to analyse the relationship between the position of the focal absorption change and the degree of the crosstalk. The degree of crosstalk depends upon the position of a focal absorption change, i.e., the wavelength-dependent sensitivity at the activated region. The spatial sensitivity profile in a real head depends not only upon the position of the source and the detector probes but also the anatomical structure and the optical properties of superficial tissues such as the scalp and skull. The crosstalk in a topographic image is affected by the anatomical structure and the optical properties of the head.
In typical brain function measurements by NIR topography, a significant increase in oxy-Hb and a slight decrease in deoxy-Hb are observed [23] . This fact implies that the crosstalk from oxy-Hb to deoxy-Hb c oxy®deoxy considerably affects the measured concentration change in deoxy-Hb whilst that from deoxy-Hb to oxy-Hb c deoxy®oxy scarcely may affect the measured concentration change in oxy-Hb. The choice of the 690-/830-nm wavelength pair is effective for reducing the crosstalk in the NIR topography and CW-imaging systems [24, 25] . The adequate wavelength pair for the time-resolved [26] [27] [28] [29] and frequencydomain imaging systems [30] is probably the same as the CW system. The total optical path length that the detected light travels in the head can be measured by the time-resolved and frequency-domain systems. Although the partial optical path length in the activated region cannot be directly measured, the measurement of the total optical path length might contribute to develop the algorithm for reducing the crosstalk in the NIR imaging.
There are more serious problems associated with NIR imaging than the crosstalk, such as the quantification of the concentration change in haemoglobin, the determination of the optical properties for the modelling of the image reconstruction algorithm. As shown in Figs. 5 and 6, the absolute value of the concentration changes in haemoglobin strongly depends upon the positional relationship between focal brain activation and probe arrangement. Actually, it is quite difficult for NIR topography to realise the quantitative measurements of the haemoglobin concentration because any optical path length cannot be measured by the CW systems. The ratio between the concentration changes in oxy-Hb and deoxy-Hb can be accurately measured by NIR topography if the crosstalk in the measurement is compensated. The simultaneous measurements of both the concentration changes in oxy-Hb and deoxy-Hb induced by the brain activation is an advantage of NIRS based systems over the other modalities to measure the brain activity. The compensation of the crosstalk is important for the functional brain imaging by NIR topography.
Conclusions
The crosstalk between oxy-Hb and deoxy-Hb in NIR topography based on the MLBL calculation is theoretically investigated. The crosstalk slightly depends on the positional relationship between a probe pair and the focal brain activation. The crosstalk from oxy-Hb to deoxy-Hb for a 690-/830-nm wavelength pair is obviously smaller than that for a 780-/830-nm wavelength pair whilst the crosstalk from deoxy-Hb to oxy-Hb for the 690-/830-nm wavelength pair is almost the same as that for the 780-/830-nm wavelength pair. Taking into account the fact that the concentration change in oxy-Hb induced by the brain activity is much greater than that in deoxy-Hb, the 690-/830-nm wavelength pair is practically effective for reducing the crosstalk in NIR topography.
